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Differentiation-specific increase in ALA-induced 
protoporphyrin IX accumulation in primary mouse 
keratinocytes 

B Oriel 1 -*, N Chen 1 , J Brissette 2 , GP Dotto 2 , E Maytin and T Hasan 1 

iWellman Laboratories of Photomedicine, Massachusetts General Hospital {WEL 224). 55 Fruit Street, Boston, MA 02114, USA; 'Cutaneous Biology Research 
Center, Department of Dermatology, Massachusetts General Hospital, Harvard Medicaj School, Boston, MA, USA 

Summary A treatment regimen that takes advantage of the induction of intracellular porphyrins such as protoporphyrin IX (PPIX) by exposure 
to exogenous 5-aminc-laevulinic acid (ALA) followed by localized exposure to visible light represents a promising new approach to 
photodynamic therapy (PDT). Acting upon the suggestion that the effectiveness of ALA-dependent PDT may depend upon the state of cellular 
differentiation, we investigated the effect of terminal differentiation upon ALA-induced synthesis of and the subsequent phototoxicity attributable 
to PPIX in pnmary mouse keratinocytes. Induction of keratinocyte differentiation augmented intracellular PPIX accumulation in cells treated 
with ALA. These elevated PPIX levels resulted in an enhanced lethal photodynamic sensitization of differentiated cells. The differentiation- 
dependent increase in cellular PPIX levels resulted from several factors including: (a) increased ALA uptake, (b) enhanced PPIX production 
and (c) decreased PPIX export into the culture media. Simultaneously, steady-state levels of coproporphyrinogen oxidase mRNA increased but 
aminolevulinic acid dehydratase mRNA levels remained unchanged. From experiments using 12-c-tetradecanoylphorbol-13-acetate 
transforming growth factor beta 1 and calcimycin we demonstrated that the increase in PPIX concentration in terminally differentiating 
keratinocytes is calcium- and differentiation specific. Stimulation of the haem synthetic capacity is seen in primary keratinocytes, but not in PAM 
212 cells that fail to undergo differentiation. Interestingly, increased PPIX formation and elevated coproporphyrinogen oxidase mRNA levels are 
not limited to differentiating keratinocytes; these were also elevated in the C2C12 myoblast and the PC12 adrenal cell lines upon induction of 
differentiation. Overall, the therapeutic implications of these results are that the effectiveness of ALA-dependent PDT depends on the 
differentiation status of the cell and that this may enable selective targeting of several tissue types. 

Keywords: photodynamic therapy; 5-aminolaevulinic acid; differentiation; keratinocyte; protoporphyrin IX 


Photodynamic therapy (PDT) is a treatment strategy consisting of 
two components: the photosensitizer (PS) and light (Hasan and 
Parrish, 1996). Both show negligible toxicity by themselves at the 
doses used for therapeutic applications, but become cytotoxic once 
combined at the site of desired activity by a variety of photochem- 
ical and cellular mechanisms (Henderson and Dougherty, 1992). 
Current clinical and experimental protocols involve systemic 
administration of a PS, usually a tetrapyrrole compound, followed 
by local irradiation with activating light (Fisher et al, 1995), and 
considerable experience has been acquired with the use of exoge- 
nous porphyrins and porphyrin derivatives (Ortel et al, 1996). 

A more recent approach exploits the indigenous ability of most 
cells to synthesize porphyrins from their physiological precursor, 
5-aminolaevulinic acid (ALA; Batlle, 1993). The synthesis of 
ALA, the precursor of the tetrapyrrole ring, is the rate-limiting 
step for haem formation and free haem negatively regulates the 
transcription and translocation of the enzyme ALA synthase, 
which catalyses the initial metabolic step (Rimington, 1989). 
Addition of exogenous ALA circumvents this negative feedback 
control and induces an immediate increase in haem synthetic 
activity, which results in intracellular accumulation of porphyrins, 
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predominantly protoporphyrin IX (PPIX) (Kennedy and Pottier, 
1992; Hua et al, 1995). PPIX at sufficient concentrations can be 
used to photosensitize cells. Both topical and systemic ALA 
administration have been used to induce PPIX for PDT of tumours 
in vivo (Kennedy and Pottier, 1992; Van Hillegersberg et al, 1992; 
Grant et al, 1993; Loh et al, 1993; Regula et al, 1994; Fijan et al! 
1995; Henderson et al, 1995). 

Recent investigations have aimed at a better understanding of the 
ALArinduced metabolic processes (Dnuma et al, 1994; Hua et al, 
1995). A motivation for such studies is to find ways to modulate 
ALA-induced PPIX accumulation for optimal targeting of malig- 
nant neoplasms by this photodynamic regimen. Successful strate- 
gies derived from prior studies were the use of iron chelators and 
porphyrogenic compounds (Hailing et al, 1993; Ortei et al, 1993; 
Malik et al, 1995), to increase the PPIX yield, and the use of 
compounds such as dimethylsiilphoxide (DMSO) to enhance pene- 
tration of topical ALA (Malik et al, 1995). Therapeutic efficiency 
and good cosmetic results have been demonstrated with PDT of 
human skin carcinomas using topical ALA-induced PPIX plus red 
light exposure (Wolf et al, 1993; Svanberg et al, 1994; Fijan et al, 
1995). However, cure rates of superficial skin carcinomas are only 
about 80-90% (Wolf et al, 1993; Svanberg et al, 1994; Fijan et al, 
1995). To explain this imperfect result, we proposed that differen- 
tial response of tumours may be based on varying degrees of differ- 
entiation. In some cell types, cellular differentiation may lead to ah 
increase in sensitivity to . ALA-dependent PDT. For example, in 
erythropoiesis, up-regulation of transcription of haem synthetic 
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enzymes is an inherent part of terminal differentiation and leads to 
increased haem synthesis (Sassa ) .1976; Fujita et al, 1991; Taketani 
et al, 1995). Also, it has been reported that cancer cells with 
different degrees of differentiation exhibited different patterns of 
ALA-induced PPIX synthesis (Riesenberg et al, 1996). To address 
this issue, we wished to explore the relationship between haem 
synthetic capacity and differentiation in several cell types capable 
of undergoing differentiation in vitro. Primary keratinocytes 
formed the primary focus of this study because their differentiation 
programme is well documented. 

We investigated the effect of differentiation upon the ability of 
keratinocytes to form and accumulate PPIX in response to exoge- 
nous ALA exposure, and upon their subsequent response to photo- 
sensitization. Earlier reports showed a positive correlation 
between the proliferation rates of several primary cells and cell 
lines in vitro and the amounts of PPIX produced from exogenous 
ALA (Iinuma et al, 1994; Rittenhouse-Diakun et al, 1995). In 
contrast to these earlier findings, the present study shows an 
increase in ALA-induced PPIX production in differentiating cells, 
elucidates some of the mechanisms involved in the differentiation- 
dependent increase in ALA-induced PPIX formation; the rele- 
vance of this increase for photodynamic sensitization is discussed. 

MATERIALS AND METHODS 

Materials 

ALA from DUSA Pharmaceuticals, Ontario, Canada, was prepared 
as a 0. 1 m stock solution in 0. 1 m HQ. The stock was kept at 4°C and 
final, concentrations were reached by direct dilution of the stock 
into the media, o^[4- 14 C]Aminolaevulenic acid hydrochloride 
([ 14 C]ALA) (51.3 mCi mmoH) and [m^AyPHlthymidine (PH]Td) 
(20.0 Ci minor- 1 ) were obtained from Dupont/NEN, Wilmington, 
DE, USA. DMSO, 12^>-Tetradecanoylphorbol-13-acetate (TPA), 3- 
(4,5-dnnethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT), 
succinyl acetone, PPIX and salmon sperm DNA were all purchased 
from Sigma, St Louis, MO, USA. Epidermal growth factor (EGF) 
was purchased from Collaborative Research, Bedford, MA, USA. 
Calcimycin (A23187) was purchased from Molecular Probes, 
Eugene, OR, USA. Transfcwming growth factor beta 1 (TGF-P^ was 
obtained from R&D Systems, Minneapolis, MN, USA, and nerve 
growth factor (NGF) from Boehringer Mannheim, Indianapolis, IN, 
USA. Stock solutions of TPA and PPIX were made in DMSO, TGF- 
in 4 dim HC1 containing 1% bovine serum albumin, and NGF and 
calcimycin in phosphate-buffered saline. For all solvents, vehicle 
controls were included and did not show^any significant effects. 

Cells and culture conditions 

Primary mouse keratinocytes (PMKs) were obtained from 2- to 3- 
day-old Senear mice according to published procedures (Hennings 
et al, 1980). Monolayers were grown in modified Eagle medium 
'.(MEM) with a calcium concentration of 0.05 mM containing 4% 
(v/v) Chelex-treated fetal calf serum (FCS) and 10 rig ml" 1 EGF in 
an 8% C0 2 atmosphere at 33 °C as described previously (Hennings 
et al, 1980). In order to induce differentiation, the calcium concen- 
tration was raised to 2 mM by adding CaC^. Cells were plated in 
35-mm dishes at approximately 10 5 cells enr 2 and used for experi- 
ments upon reaching confluency. 

. The tumorigenic epidermal keratinocyte cell line RAM 212, 
.which was derived from Balb/c mice (Yuspa et al, 1980), was 
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grown in Dulbecco's modified Eagle medium (DMEM) containing 
10% FCS at 37°C in a 5% C0 2 humidified atmosphere. For 
calcium concentration-dependent experiments, cells were plated at 
low density in 35-mm dishes in DMEM with FCS and after 24,h 
changed to low-calcium keratinocyte medium (see above). When 
reaching confluency (1.6 x 10 5 cells cm- 2 ) after 4 days in low- 
calcium medium, designated samples were exposed to high- 
calcium medium as described above for PMKs. ; 

The mouse myoblast cell line C2C12 (Blau et al, 1985) was 
maintained in DMEM supplemented with 20% (v/v) FCS at 37°C 
in a 5% C0 2 humidified atmosphere. Upon reaching confluency 
(3.1 x 10 5 cells cm- 2 ) the cells were allowed to differentiate in 
DMEM with 5% (v/v) horse serum for up to 72 h in a modification 
of established procedures (Yaffe and Saxel, 1977). Differentiation 
became evident by the storiform morphology of long, spindle-like 
myotubes. 

The PC 12 cell line, which is derived from a rat phaeochromo- 
cytoma, was grown in RPMI-1640 containing 10% (v/v) FCS and 
5% (v/v) horse serum at 37°C in a 5% C0 2 humidified atmos- 
phere. Cells were used before reaching confluency at densities of 
approximately 1.8 x 10 5 cm- 2 . According to established methods 
(Greene and Tischler, 1976), differentiation was induced by addi- 
tion of NGF and was Visible as outgrowth of multiple dendrites 
within 5 days. 

Induction of PPIX formation by ALA exposure 

PMKs were preincubated for the indicated periods in either low- 
or high-calcium medium. At given times, ALA was added from 
the stock solution to yield the final concentration (usually 0. 1 mM). 
At 4 h, 1 ml of the supernatant was aspirated and used for PPIX 
quantification in the supernatant The remaining supernatant was 
removed and the cells were trypsinized. After removal of aliquots 
for cell number determination (Coulter Counter Model Zf) and 
protein determination (Bio Rad D c Protein Assay, Bio Rad 
Laboratories, Hercules, CA, USA), the remaining cell suspension 
was dissolved in 3 ml of 1% sodium dodecyl sulphate (SDS) in 
0.1 M NaOH. PAM 212, C2C12 and PC12 cells were treated with 
0.1 mM ALA with or without the respective, differentiation- 
inducing preu-eatments^ 


r3.0 



r 

20 24 28 32 


Time after high Ca 2 * addition (h) 

Figure 1 Time dependence of calcium-induced stimulation of PPIX 
formation and simultaneous growth arrest. Rates of PPIX accumulation (A) . 
and PHJTd uptake (□) in PMKs were quantified as a function of time after 
2.0 mM calcium addition. 0.1 mM ALA and pHJTd were added 4 h before' 
harvesting the cells. Values are means ± s.d. of triplicate determinations 
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Figure 2 ALA concentration dependence of PPIX formation. Accumulation 
of intracellular PPIX in PMKs after incubation in different ALA concentrations 
for 4 h with (▲) or without (O) 20 h preincubation in high (2.0 mM) calcium 
medium 
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Figure 3 Calcium concentration dependence of stimulated PPIX 
accumulation. Intracellular PPIX accumulation (A) and pHJTd uptake P) 
was determined after preincubation of PMKs* in various concentrations of 
calcium for 20 h and subsequent addition of 0.1 mM ALA and pHJTd for 4 h 


PPIX quantification 

Spectrofluorometry was performed using excitation at 400 nm and 
recording the emission spectra between 600 and 720 nm on a 
SPEX-Huorolog spectrophotometer (SPEX Industries, Edison, 
NJ, USA). The results were quantified (peak area) using PPIX 
standards of known concentrations. The recording of the whole 
spectrum (rather than small-band measurements) allowed for 
correction for scattering and for exclusion of possible contribution 
of non-PPIX porphyrins. These can be identified easily in fluores- 
cence spectra obtained in NaOH/SDS solution with an instrument, 
with good resolution as we have shown previously (Iinuma et al, 
1994). The supernatant aliquots were diluted with 2 ml of 1% SDS 
in 1 M NaOH and quantified identically. No porphyrins except 
PPIX were found in PMKs, PAM 212 and PC12 cells. A shoulder 
or small peak at 617 nm indicated the presence of small amounts 
of non-PPIX porphyrins in C2C12 cells. The non-PPIX porphyrins 
were excluded from quantification. 
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Figure 4 Photodynamic sensitization. Cells were preincubated for 20 h in 
low (O) or high (▲) calcium medium, exposed to 0.1 mM ALA for 4 h and 
subsequently exposed to monochromatic 630-nm laser light Surviving 
fractions are depicted as percentages (means ± s.d. of three samples) of 
untreated cells. A, PMKs. B, PAM 212 cells 


Time course experiments 

In order to study the time dependence of the calcium-induced 
increase in intracellular PPIX accumulation, PMKs were exposed 
to 2.0 mM calcium for up to 24 h. For a final 4-h pulse, ALA and 
tritiated thymidine were added to reach final concentrations of 
0.1 mM and 2u,Ci ml- 1 respectively. After washing twice with 
PBS, cells were harvested and used for quantification of cell 
number, protein content, PPIX formation and thymidine uptake. 

Photosensitization experiments 

Cells were incubated in low- or high-calcium medium for 20 h. 
ALA was then added to a final concentration of 0.1 mM and incu- 
bation allowed to continue. After 4 h the medium was replaced 
with 0.5 ml of PBS (after one rinse with PBS). Irradiations were 
2.0, 5.0, 7.0, 12.0 and 20.0 J cm- 2 and delivered at a dose rate of 
0.065-0.070 W cm- 2 . An argon-ion pumped dye laser (Coherent, 
Palo Alto, CA, USA) provided 630-nm light. Fresh complete 
medium was replaced after me irradiation and the cells returned to 
the incubator. Twenty-four hours later cells were incubated with 
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Differentiation and ALA-induced PPIX 1 747 


Table 1 Protoporphyrin IX production by cells^xpdsed for 4 h to 0.1 mM ALA. Comparison of intracellular, extracellular and total PPIX quantities in cells grown 
in low-calcium or after 24 h in high-calciurrwnedium (PMKs, PAM 212). C2C12 myoblasts and PC12 cells were induced to differentiate as described in Material 
and methods. The ratios show the values of high vs low calcium treated, or differentiated vs undifferentiated cells respectively 


PPIX (fmol x 10- 5 ) production/cell 


Cells 

rca 2+ i 

Intracellular 

Ratio 

S u nernatri nt 

Ratio 

Total 

rid u vJ 

(no. of experiments) 


(s.d.) 

(s.d.) 

(s.d.) 

(s.d.) 

(s.d.) 

(s.d.) 

Prim KC (9) 

High 

8.42(2.15) 

7.42 (3.04) 

4.13(3.23) 

1.55 (1.25) 

12.55 (3.40) 

2.95 (0.98) 


Low 

1.24 (0.43) 


2.98(1.17) 


4.22 (1 .42) 

PAM 212(3) 

High . 

2.32 (0.56) 

1.20 (0.37) 

6.93 (2.13) 

0.78 (0.22) 

9.27 (2.60) 

0.80 (0.25) 


Low 

2.14(0.96) 


9.71 (5.83) 


11.85(6.50) 


C2C12(5) 

Differentiated 

1.70 (0.42) 

8.63 (3.63) 

4.84(1.02) 

3.36 (1.74) 

6.54 (1.59) 

3.66 (1.82) 


Undifferentiated 

0.23 (0.12) 


1 .62 (0.32) 


1.85 (0.40) 



3.5 -i 


3.0- 



(h) 


Figure 5 ALA uptake. Incubation of undifferentiated (O) and differentiated 
(A) PMKs in 0.1 mM ALA containing a radiolabelled fraction! ALA 
dehydratase is blocked by addition of succinyl acetone 1 5 min before ALA 
exposure 



Time of efflux (h) 


Figure 6 Efflux of intracellular^ synthesized PPIX. PMKs were 
preincubated for 20 h in high- or low-calcium medium. Subsequently, ALA 
was added to a final concentration of 0.1 mM (proliferating cells, O) or 0.02 
mM (differentiated cells, A) ALA. The ALA-containing medium was removed 
after 4 h and replaced by fresh medium without ALA. The cellular PPIX 
content was determined at the indicated times after ALA removal. Values are 
means ± s.d. of two determinations 


0.5 mg mh 1 MTT for 1 h to assay its reduction by mitochondrial 
dehydrogenases. Mitochondrial dehydrogenase activity provides a 
sensitive way of assessing cellular damage and has been shown to 
correlate weD with other established measures of cytotoxicity such 


as colony formation (Iinuma et al, 1994). The latter could not be 
used in this study as PMKs do not form colonies. Supernatants 
were carefully removed and the attached cells agitated with 1 ml 
of DMSO for 30 min on a rotational shaker. The reaction product 
form az an was quantified photometrically at 576 nm. 

ALA uptake 

Cells were grown as described above under 'Photosensitization 
experiments'. We used succinyl acetone as a potent inhibitor of 
haem synthesis (Ebert et al, 1979). The cells were incubated in 
0.1 mM succinyl acetone for 15 min before 0.1 mM ALA and 
0.5 (iCi of [ 14 C]ALA per dish were added for 5 min, 2 h and 4 h. 
Following incubation, cells were rinsed lx with cold medium 
containing unlabelled ALA, lx with cold PBS containing unla- 
beled ALA and trypsinized. Samples were taken for quantifica- 
tion of 14 C (Beckman Model LS3801 scintillation counter), cell 
number, protein content and PPIX content (see above). 

Haem enzyme mRNA levels 

Total RNA was obtained from 100-mm dishes that were used at 
the same density and other conditions as the functional experi- 
ments. Aliquots of 30 jig were fractionated on a -1:2% denaturing 
agarose-formaldehyde gel. After transfer , to a Hybpnd N 
membrane (Amersham) using 20 X SSPE, the filter was dried and 
the RNA cross-linked to the filter by exposure to 1.2 kJ nr 2 UVC 
(Stratalinker, Stratagene). Prehybridization was carried put in 5 x 
SSPE, 5 x Denhardt's solution, 0.5% SDS and 40 \ig ml" 1 purified 
salmon sperm DNA (Sigma) at 60°C for 12-20 h. Murine c-DNAs 
were obtained from Dr H Kohnp (coproporphyrinogen oxidase; 
Kohno et al, 1993) and Dr TR Bishop (ALA dehydratase; Bishop 
et al, 1989). Membranes were incubated with [ 32 P]dCTP random- 
primed labelled probes (typically > 10 6 counts ml -1 ) for at least 
24 h at 60°C. Two 10-min washes each of 2 x SSPE with 0.1% 
SDS (25°C), 1 x SSPE with 0.1% SDS (60°C) and 0.5 x SSPE and 
0. 1 % SDS (60°C) preceded autoradiography at -80°C; 

RESULTS 

Keratinocytes undergoing Ca 2+ -induced differentiation 
show increased accumulation of PPIX 

Primary mouse keratinocytes (PMKs) proliferate in the presence of 
medium containing 0.05 mM calcium (*low calcium'). In this 
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Figure 7 Effect of differentiation on steady-state mRNA levels of 
coproporphyrinogen oxidase. A, PMKs in low calcium (lane 1) and 1 h (lane 

2) , 4 h (lane 3) and 24 h (lane 4) after addition of high calcium. ALA-D mRNA 
is unaltered when densitometrically compared with GAPDH mRNA (a 
housekeeping gene transcript used for loading control). B, PAM 212 cells in 
low-calcium medium (lane 1) and 24 h after addition of high calcium (lane 2) 
C, Myoblasts, proliferating (lane 1) and in confluent monolayer (lane 2)* 
confluent monolayers incubated in medium with 5% horse serum for 8 h (lane 

3) , 24 h (lane 4), 48 h (lane 5) and 72 h (lane 6). D, Proliferating PC12 ceils 
(lane 1 ) and 5 days after addition of 5 ng mh 1 (lane 2) or 25 ng mH NGF 
(lane 3). 18S and 28S indicate ribosomal RNA bands presented for RNA 
loading control 


system, terminal differentiation and growth arrest can be induced 
by increasing the calcium concentration in the medium to 2.0 mM, 
as described previously (Hennings et al, 1980; Hennings and 
Holbrook, 1983). To determine the effects of growth arrest and 
femiirial differentiation upon ALA-induced PPDC accumulation, we 
incubated PMKs for various lengths of time in the differentiation- 
jpromotirig 'Mgh-calcium' medium and harvested the cells after a 
4-h pulse of ALA. Identically treated cells were pulsed with tritiated 
thymidines shown in Figure 1. Intracellular PPDC accumulation 
increased with time after inducing differentiation and growth arrest 
as determined by a decrease in pH]Td incorporation rate. 

Calcium-stimulated PPIX accumulation was demonstrated over 
a wide ALA concentration range. At a low ALA concentration 
(0.03 mM) the PPDC concentration was close to the detection limit 
in proliferating PMKs, but showed almost tenfold higher values in 
differentiated cells, whereas at the other extreme (0.3 mM ALA), 
the ratio of intracellular PPDC content between differentiating and 
undifferentiated cells became smaller than at lower concentrations 
(Figure 2). Therefore, an intermediate ALA concentration of 
0.1 mM was chosen for the majority of experiments. 

Previous work has established that markers of keratinocyte 
differentiation are induced in a calcium concentration-dependent 
way (Yuspa et al, 1989; Hennings et al, 1980). Therefore, we 
performed the experiment shown in Figure 3, in which cells were 
exposed for 24 h to a series of increasing calcium concentrations 
and induced to differentiate. For the final 4 h of incubation 0.1 mM 
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ALA was added to the medium to stimulate PPDC synthesis. 
Induction of differentiation by calcium concentrations between 
0.25 and 2.0 mM resulted in similar degrees of stimulated PPDC 
accumulation (Figure 3). Simultaneously, reduced [ 3 H]Td uptake 
was recorded, showing growth arrest. 

Increased PPIX accumulation leads to greater 
photosensitlzation of differentiated vs proliferating 
keratinocytes 

Figure 4A shows fluence-dependent cytotoxicity of ALA-treated 
proliferating PMKs after 630-nm laser irradiation. The increase in 
ALA-induced intracellular PPDC in differentiated PMKs resulted 
in higher photoxicity (Figure 4A). The fluence required for killing 
50% of the differentiated PMKs was almost four times lower (2.55 
vs 9.80 J cm- 2 ) than that for proliferating cells. In this specific 
experiment, PPDC concentrations were 1 1 -fold higher in differenti- 
ating than in proliferating cells (Figure 4A). 

The correlation between elevated PPDC concentrations and 
elevated photosensitization was strengthened by another experi- 
ment, in which the keratinocyte cell line PAM 212, which is defec- 
tive in its ability to differentiate in response to increased calcium 
concentration, :in the medium, showed little alteration in ALA- 
induced PPDC accumulation (Table 1). Photosensitization was 
likewise, almost unaltered in PAM 212 cells in response to 
high-calcium treatment (Fig. 4B). This inability of different 
calcium concentrations to affect ALA-induced PPDC formation in 
PAM cells also indicates that the effect in PMKs is differentiation 
dependent. 

Several mechanisms contribute to increased PPIX 
accumulation in differentiating keratinocytes 

Three potential factors contributing to the increase in PPDC 
concentration in differentiating cells were considered and tested 
experimentally: (a) an increased ALA uptake, (b) a decreased 
PPDC efflux into the culture medium and (c) an increased synthetic 
capacity of PPDC. 

To assess the effect of differentiation upon ALA uptake, 
[ ,4 C]ALA was quantified by measuring intracellular 14 C levels up 
to 4h after adding ALA to the medium. To reduce potential 
confounding effects of (1) differential loss of PPDC into the media 
from proliferating vs differentiated PMKs (see below), and (2) 
release of newly synthesized [ 14 C]PPDC into the medium, PPDC 
synthesis was blocked by adding the potent ALA dehydratase 
inhibitor succinyl acetone before ALA exposure. Figure 5 shows 
that in differentiated PMKs the ALA uptake was 40% higher than in 
proliferating cells. Thus, elevated ALA uptake probably contributes 
to increased PPDC accumulation in differentiated PMKs. 

The data in Table 1 address the role of PPDC efflux into the 
medium. With exposure of proliferating PMKs to 0. 1 mM ALA for 
4 h, only 29% of the total PPDC was found in the cells. In contrast, 
differentiating PMKs retained 67% of total PPDC inside the cells 
(Table 1). That much of the relative difference between differenti- 
ating and proliferating keratinocytes in cellular PPDC content 
could be due to different efflux rates was suggested by experi- 
ments specifically designed to measure efflux (Figure 6). Time- 
dependent loss of ALA-induced PPDC from differentiated and 
undifferentiated cells was compared in cells that began at the same 
intracellular PPDC concentrations: undifferentiated PMK lost over 
90% of the intracellular PPDC into the medium within 4h, 
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whereas, during the same period, differentiated cells lost only 63% 
(Figure 6). ^ 

The differentiation-related decrease in PPIX efflux accounts to 
some extent for higher intracellular PPIX concentrations of differ- 
entiated cells. However, if intracellular and extracellular amounts 
were combined, it was evident that the total PPIX production was 
increased in differentiating keratinocytes (Table 1). 

Analysis of haem enzyme transcription 

From the above measurements, the increase in the total ALA- 
induced PPIX levels produced in differentiating PMKs was calcu- 
lated to be about three times that synthesized by undifferentiated 
PMKs. In order to understand this altered synthetic capacity, we 
analysed steady-state mRNA levels of two haem synthetic 
enzymes. We chose ALA dehydratase, which is the enzyme that 
synthesizes porphobilinogen from ALA. The other one was copro- 
porphyrinogen oxidase, which forms protoporphyrinogen, the 
immediate precursor to PPIX. Coproporphyrinogen oxidase 
mRNA levels increased about fourfold within 24 h of high- 
calcium exposure. ALA dehydratase mRNA was unaltered over 
the whole time course (Figure 7A). 

Increased PPIX accumulation is specifically associated 
with calcium-dependent differentiation 

In order to understand the mechanisms resulting in the cellular 
PPIX increase, we analysed the effect of stimulators of certain 
aspects of the differentiation response to increased calcium 
concentration, with respect to modulation of PPEX accumulation. 
TGF-p, has been shown, to induce growth arrest, but does not 
initiate the differentiation programme in PMKs (Filvaroff et al, 
1992). As predicted, TGF-P, did not stimulate PPIX accumulation 
(Figure 8). TPA also leads to growth arrest but triggers some of the 
molecular signalling responses that are shared by several calcium- 
dependent pathways (Dlugosz and Yuspa, 1993; Calautti et al, 
1996). TPA did not stimulate PPIX accumulation (Figure 8), indi- 
cating that the mechanism of PPIX accumulation occurs by aspects 
of cellular differentiation not shared by the TPA pathway. The 
calcium ionophore calcimycin (A23187) has been demonstrated to 
increase intracellular calcium level in PMKs without affecting 
differentiation (Filvaroff et al, 1994). Calcimycin also failed to 
stimulate ALA-induced PPIX formation, suggesting that an 
increased intracellular calcium concentration alone does not stimu- 
late PPEX synthesis and accumulation (Figure 8). Taken together, 
these results suggested that the increase-in cellular PPIX content in 
PMKs was specific for high-calcium-induced differentiation. 

PAM 212 cells do not differentiate in vitro and thus fail 
to show increased ALA-mediated photosensitivity 

In order to understand the importance of differentiation for stimu- 
lated PPIX levels we analysed transformed epidermal mouse 
keratinocytes with respect to their differentiating and PPIX-forming 
capability. PAM 212 is a Balb/c keratinocyte cell line that is tumori- 
genic. The cells grow in both low-calcium and high-calcium 
medium; the change from low- to high-calcium medium resulted in 
_a subtle change in morphology,, but. not growth arrest. Levels of 
coproporphyrinogen oxidase and ALA dehydratase mRNA values 
were not influenced by high-calcium treatment (Figure 7B). PPIX 
production and accumulation was little influenced by high-calcium 
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Figure 8 PPIX accumulation in PMKs exposed to different stimulators or 
inhibitors. PMKs were treated for 24 h with 2.0 mM calcium, 2.5 ng mh 1 TGF- 
p 1f 100 ng mM TPA, or 2 jim A23187. For the final 4 h, 0.1 mM ALA was 
added . - 


treatment (Table 1). Under all incubation conditions, PAM 212 cells 
lost the majority of the porphyrin into the media, similar to prolifer- 
ating PMKs (Table 1). Accordingly, photosensitization was reduced 
compared with differentiated PMKs and could not be increased by 
high-calcium preincubation (Figure 4B). 

Differentiation leads to increased PPIX formation and 
coproporphyrinogen oxidase mRNA levels in 
neuroendocrine and mybblast cell lines 

In order to evaluate whether the association between differentia- 
tion and an increased haem synthetic capacity is shared by other 
cells, two additional in vitro models of cellular differentiation 
were analysed with respect to ALA-induced PPIX formation. We 
also quantified steady-state mJRNA levels for coproporphyrinogen 
oxidase and ALA dehydratase in these cells. . 

The murine myoblast cell line C2C12 is a model of 
mesenchymal differentiation that results in the formation of 
myotubes and has been characterized at the molecular level .(Blau 
et al, 1985). Basal levels of PPIX production were, lower in 
myoblasts than in the epidermis-derived cells (Table 1). 
Differentiated myoblasts showed the typical myotube formation in 
a storiform pattern and exhibited a 3.7-fold increase in total PPIX 
production and 8.6-fold higher intracellular concentrations (Table 
1). The increased total PPIX production was accompanied by 
an up-regulation of coproporphyrinogen oxidase, but not ALA 
dehydratase mRNA (Figure 7C). 

The cell line PC 12, which was derived from a transplantable rat 
phaeochromocytoma, differentiates in response to treatment with 
NGF (Greene and Tischler, 1976). The progressive formation of 
multiple dendrites was the morphological sign of differentiation 
(Tischler and Greene, 1978). The PPIX levels in undifferentiated 
PC 12 cells treated with 0.1 mM ALA were below detection limit, 
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but differentiated PC12 cells accumulated 0.55 frnol per cell. We 
were also able to demonstrate that, after 5 days of NGF induction 
and after reaching dendritic morphology, coproporphyrinogen 
oxidase but not ALA dehydratase mRNA levels were increased 
(Figure 7D). 

DISCUSSION 

We have demonstrated that the ability of differentiating PMKs to 
accumulate PPIX when exposed to exogenous ALA is increased 
compared with that of undifferentiated, proliferating cells. We also 
showed that this increase in the cellular PPIX content leads to 
improved photodynamic sensitization. Lethal phototoxicity was 
increased by a lesser magnitude than PPIX concentrations. This 
may indicate altered subcellular distribution and/or enhanced 
resistance to PDT in differentiated cells. We identified several 
factors that contributed to the increase in PPIX present in differen- 
tiated cells: (a) an increased uptake of ALA, (b) a decreased efflux 
of PPIX into the culture media and (c) an increase in mRNA for 
at least one late haem synthetic enzyme, coproporphyrinogen 
oxidase, a finding consistent with the increased PPIX production. 
t These results are in contrast to prior reports in which increased 
ALA-induced PPIX formation was .attributed to high rates of 
proliferation (pnuma et al, 1994; Rittenhouse-Diakun et al, 1995). 
This correlation was reported for malignantly transformed cells 
and for lymphocytes after mitogen stimulation. It has also been 
demonstrated that the increased expression of transferrin receptor 
(CD71) was associated with increased PPIX accumulation in both 
rnitogen-stimulated lymphocytes from normal volunteers and in 
cells obtained from a patient with T cell lymphoma (Rittenhouse- 
Diakun et al, 1995). However, not all of these studies accounted 
for PPIX loss into the media, which may cause large differences in 
cellular levels, as our results have demonstrated. 

We analysed the association between the calcium-induced 
differentiation and the increased cellular PPIX content by studying 
the effects of exogenous compounds that mimic certain aspects of 
high-calcium-induced PMK differentiation. The composition of 
the culture media, such as the FCS concentration, can certainly 
modify the intracellular PPIX concentration by increasing the 
export rate (Steinbach et al, 1995). It is feasible that the calcium 
concentration in the medium may influence the cells' ability to 
retain PPIX. Such an immediate effect of increased calcium 
concentration on the ALA-dependent porphyrin accumulation 
could be excluded because of the gradually increasing magnitude 
of the PPIX production and accumulation (Figure 1). Also, when 
differentiated cells were incubated with ALA in low-calcium 
medium, increased PPIX accumulation prevailed, which was char- 
acteristic of differentiated PMKs (data not shown). 

The effects of inducers of growth arrest and of a calcium 
ionophore supported the concept that a full calcium-induced 
differentiation programme is required for stimulated PPIX accu- 
mulation. TPA triggers molecular signals that are also induced by 
the calcium response; these signals led to partial differentiation 
and growth arrest (Dlugosz and Yuspa, 1993; Calautti et al, 1996) 
and did not stimulate but rather suppressed PPIX formation 
(Figure 8). TGF-fy induces growth arrest only, and not differentia- 
tion in PMKs. Calcimycin, a calcium ionophore, increases intra- 
cellular free calcium concentration in PMKs without elevation of 
the extracellular calcium level (Filvaroff et al, 1994). Exposure to 
either of these two compounds did not lead to increased PPIX 
accumulation (Figure 8). These data emphasize the complexity of 

British Journal of Cancer (1998) 77(11), 1744-1751 


changes induced by calcium and confirm that several factors 
contribute to the increased PPIX accumulation in PMKs. These 
findings were supported by the strikingly similar increase in ALA- 
induced PPIX formation in two other models of in vitro cellular 
differentiation. 

In all three models of differentiation in vitro the increased PPIX 
production was accompanied by an up-regulation of steady-state 
mRNA of coproporphyrinogen oxidase. In hepatic and erythro- 
blastic cells, ferrochelatase and porphobilinogen deaminase are 
considered rate limiting (Bottomley and Muller-Eberhard, 1988). 
However, enzyme hierarchy is not established for cells with low 
rates of constitutive haem synthesis such as epidermal 
keratinocytes so that the observations in this study may not be 
directly translatable in terms of what is known , in cells with an 
active haem synthesis machinery. 

We have demonstrated an association between non-erythro- 
blastic differentiation antf increased haem synthetic capacity in 
keratinocytes, myoblasts and neuronal cells. There is only one 
prior report on the influence of differentiation induction on ALA- 
induced porphyrin formation in non-haematopoietic cells 
(Schoenfeld et al, 1994). In analogy to erythroblastic differentia- 
tion in vitro, DMSO was used to stimulate PPIX levels in B16 
murine melanoma cells. However, the- effect of DMSO Was not 
shown to be differentiation specific in B16 cells (Schoenfeld et al, 
1994). In PMKs, identical DMSO treatment had no stimulatory 
effect on PPIX formation (data not shown). 

The increase in ALA-induced PPIX accumulation in differenti- 
ating cells may indicate an involvement of the haem synthetic 
pathway in the regulation of non-haematopoietic differentiation. It 
has been suggested that coproporphyrinogen oxidase may have a 
regulatory function in differentiation-specific increase in haem enzy- 
matic activities during erythroblastic differentiation (Conder et al, 
1991). Alternatively, this could be related to the association of 
porphyrins, especially PPIX with the so-called peripheral benzodi- 
azepine receptors on mitochondria, which are up-regulated during 
erythroblastic differentiation (Wang et al, 1984; Taketani et al, 1994). 

In summary, our results suggest that the increase in ALA- 
induced intracellular PPIX accumulation is calcium specific and 
differentiation dependent. The close association with differentia- 
tion is also emphasized by the striking similarity of increased 
cellular PPIX levels and increased total PPIX production in PMKs, 
myoblasts and adrenal cells. In all these cells, the increased PPIX 
formation was accompanied by increased steady-state mRNA 
levels of coproporphyrinogen oxidase. The data do not exclude the 
contribution of other enzymes such as porphobilinogen deaminase 
or ferrochelatase. Our data do, however, support the importance of 
differentiation in ALA-induced PPIX formation. Consequently 
more differentiated tumours or chemotherapy-insensitive tumours 
with slowly cycling cells may be the better targets of ALA^ 
dependent PDT. 
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